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The scattering pattern matrix SPM method, in combination with multiple-energy holographic
patterns, can be used to successfully reconstruct Pt atomic images in FePt epitaxial films, that are
almost free from the artifacts that often appear in the images reconstructed using the Barton
algorithm. The difference in the chemical short-range-order structure in two FePt films grown at
different temperatures was clearly observed. The present method provides us a concrete
breakthrough for a quantitative analysis of a three-dimensional local atom arrangement around a
certain element in a single crystal without any preliminary knowledge of its structure. © 2005
American Institute of Physics. DOI: 10.1063/1.2136431Tegze and Faigel1 first demonstrated x-ray fluorescence
holography XFH about 10 years ago, based on the principle
proposed by Szöke.2 Nowadays, XFH measurements with
very brilliant x-ray beams in third-generation synchrotron
facilities and advanced x-ray detecting systems enable us to
obtain high-quality holograms with comparative ease. Theo-
retical studies of polarization,3 extinction and absorption,4
and near-field5 effects in XFH have also made progress. The
XFH method has promise as a three-dimensional analytical
imaging technique of a local structure around a specific ele-
ment in, for example, an epitaxial film.6
There are two types of artifacts. One is a complex con-
jugate image that is serious in an image reconstructed using
Barton’s single energy algorithm.7 It is eliminated by
multiple-energy x-ray holography,8 the two-energy method,9
and complex x-ray holography.10–12 Another is ripple oscil-
lations around atomic images. This is due to truncation error
of the Fourier-transformation-like Barton algorithm.7,13
Ripple oscillation is often amplified in the reconstruction and
has an intensity comparable to real images. Thus, for the
evaluation of the local structure in unknown samples by
XFH, a new reconstruction algorithm must be absolutely
developed.
Recently, Matsushita et al.14 proposed the scattering pat-
tern matrix SPM method, which is a new algorithm for
reconstructing an atomic image from an averaged one-
dimensional single-energy holographic oscillation. The aver-
aging process in this method, however, leads to the loss of
some important information in the holographic pattern. Thus,
this method is not good enough to improve the spatial reso-
lution of atomic images and to eliminate the artifacts.
aAuthor to whom correspondence should be addressed; electronic mail:
yukio@spring8.or.jp
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Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to In this study, using a supercomputing system with a
large memory, three-dimensional atomic images are directly
reconstructed from two-dimensional multiple-energy holo-
grams of FePt films. We will discuss the present SPM
method in comparison with an image reconstructed using the
Barton algorithm.
FePt films prepared by the alternate monatomic layer
deposition method15 were used in the present measurements.
FePt films have attracted much attention as a new magnetic
storage media. The films are grown at two different tempera-
tures of 503 and 393 K. Their thicknesses are 200 Å. As the
underlayer, an Fe 001 seed layer of 10 Å thickness and a Pt
001 buffer layer of 400 Å thickness are deposited on a
MgO 001 substrate. The film surface is parallel to the 001
plane of the L10 structure.
The holograms were measured at the undulator beamline
BL37XU in SPring-8, Harima, Japan. The internal detector
holography scheme8 was adopted for collecting holographic
data. Incident x-ray energies were selected from the range of
9.50 to 11.50 keV with 0.25 keV steps between the Fe K
edge 7.11 keV and Pt LIII edge 11.56 keV, in order to
prevent a secondary excitation of Fe K fluorescence in the
FePt layer by Pt L fluorescence emitted from Pt atoms in
both the FePt layer and Pt buffer layer. Fe K fluorescence
emitted from the FePt layer was analyzed using a singly bent
graphite single crystal16 and focused onto an avalanche pho-
todiode. Intensities were measured as a function of azimuthal
angle  0359 and polar angle  070. The
holographic function k , , was normalized as
Ik , ,−I0,k, / I0,k,, where Ik , , was the col-
lected intensity data, I0,k, is the background intensity
evaluated by fitting Ik , , by a sextic polynomial equa-
tion at each wave number k of incident x rays and  angle.
Normalized k , , was symmetrized using the fourfold
and mirror symmetry in the 001 plane of the L10 structure.
© 2005 American Institute of Physics4-1
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fore, holographic patterns were not spoiled by the extinction
of incident x rays and the absorption of incident and fluores-
cent x rays.4 Moreover, by the symmetrization of holo-
graphic patterns, the polarization effect of incident x rays
was suppressed.
When the holographic function k , , is expressed as
the second-rank tensor ,k, ,k is approximately ex-
pressed as follows:14
,k  Tg, 1
where T= trc,c,zc,,k, which is the fifth-rank tensor, and
corresponds to the interference intensity at k , , resulting
from an atom located at rc ,c ,zc in cylindrical polar coor-
dinates, and g= grc ,gc ,gzc, which is the atomic occupancy
at rc ,c ,zc. The image reconstruction of the FePt films was
carried out by the following procedure. t was calculated us-
ing the formula of a single scattering cluster model:
trc,c,zc,,k = − 2 Rere fFe/ZFe
rrc,c,zc
eik·r−kr , 2
where k is the wave vector of incident x rays whose compo-
nent is k sin  cos  ,k sin  sin  ,k cos , re is the classical
electron radius, rrc,c,zc =rc2+zc2, and fFe and ZFe are the
atomic scattering factor and atomic number of Fe, respec-
tively. fFe/ZFe in Eq. 2 is equivalent to the atomic scattering
factor per single electron. c=0 ,zc=0 and rc=0 are par-
allel to the directions of =90 ,=0 and =0, respec-
tively. Using Eq. 2, t was calculated at the exact same
FIG. 2. One-dimensional plots of the reconstructions along the white dotted
line indicated in Figs. 1b and 1c. Solid and dotted lines show the image
intensity distributions of the reconstruction by the SPM and Barton methods,
respectively.
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0 Årc12 Å with 0.2 Å steps, 0c359 with
12/rc steps, and −10 Åzc10 Å with 0.2 Å steps.
As a Gaussian low-frequency-pass filter,17 =0.06k was ap-
plied to k , , in order to eliminate the interference com-
ponent at atomic positions farther than 10 Å from the center.
The derivation of a solution of g was carried out using the
supercomputing system SR8000 Hitachi, Ltd.. The calcula-
tion was performed using one node with eight CPUs and 13
GB memory. The source program for the steepest-descent
method with a non-negative limit18 was compiled with the
optimization and parallel options, and was run at the default
value of g=0. After 100 iteration, which took about 200 h,
the solution of g was derived. For comparison, the atomic
reconstruction using Barton’s multiple energy algorithm13
was also carried out.
In the L10-type FePt alloy,
19 Pt atoms in the x-y plane
exist at 1.926 Å along the z axis, and both Fe and Pt atoms in
the x-z plane exist at 1.857 Å along the y axis, as shown in
Fig. 1a. Images of the film grown at 503 K were recon-
structed with the SPM method and Barton algorithm, as
shown in Figs. 1b and 1c, respectively. The images are
normalized by their maximum intensities. The color images
are displayed with a linear scale including also background
intensities due to, for example, the artifacts. Atoms in the
x-y plane at the position 2.0 Å along the z axis are visualized.
When the Barton algorithm is applied, images of both atoms
and many artifacts are observed. It is difficult to distinguish
real atomic images from the artifacts. On the other hand, in
the image reconstructed by the SPM method, the artifacts
FIG. 3. Color One-dimensional plots of the reconstructions along the y
direction at x ,z= 2,2. Reconstructions by the a Barton and b SPM
methods. Black and red lines correspond to the reconstructions of the film
FIG. 1. Color a Schematic drawing
of 002 plane upper side and 200
plane lower side of L10-type FePt.
The reconstructions of the FePt film
grown at 503 K with b the SPM
method and c the Barton algorithm.
Upper and lower sides are the cross
sections parallel to the x-y plane at a
position 2.0 Å along the z axis and that
parallel to the x-z plane at the position
2.0 Å along the y axis.prepared at 503 and 393 K, respectively.
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ages, we can see that the locations of atoms are clearly re-
vealed by the SPM method. In addition to the reconstructions
in the x-z plane at the position 2.0 Å along the y axis, atomic
images in the reconstruction by the SPM method are visual-
ized clearer than when using the Barton algorithm. No
atomic images of Fe atoms are, however, observed in either
reconstruction. The bright images indicated by the white ar-
rows in Fig. 1c are artifacts that result from the oscillations
around the images of Pt atoms at the first nearest-neighbor
positions. This has been confirmed by computer simulation.
Since the atomic number of Pt is about three times larger
than that of Fe, Fe atomic images are roughly one order less
intense than Pt images, and even the artifacts due to the Pt
images often appear more intense than the Fe atomic images.
In the SPM method, taking into consideration the large dif-
ference in atomic numbers between Pt and Fe, the scattering
pattern matrix was adopted for the components of a single
electron, as shown in Eq. 2. However, no atomic images for
Fe appear, and rather bright artifacts are observed at the po-
sitions indicated by the white arrows. This suggests that
structural information extracted from the nine holographic
patterns is insufficient to reconstruct Fe atomic images of the
present L10-type FePt film. In order to reconstruct Fe atomic
images, the amount of structural information obtained from
holograms must be increased by taking measurements at
more than nine energies and in wider angular ranges.
The atomic images reconstructed by the present method
were quantitatively analyzed using the plots of cross sections
indicated by white dotted lines in Figs. 1b and 1c. Figures
2 show the intensity distribution of atomic images along the
y and z directions, respectively. In the reconstruction using
the Barton algorithm, there are large ripple oscillations
around the atomic images. In the reconstruction by the SPM
method, such oscillations are drastically suppressed. The full
width at half-maximum of the peak of the atomic images
along y and z directions at the second nearest-neighbor po-
sition is narrower in the present method, and, namely, better
spatial resolution of atomic images is assured in the present
method. Figures 3a and 3b show the intensity distribution
of atomic images along the y direction at x ,z= 2,2.
Shima et al.15 reported that a long-range-order LRO param-
eter of the FePt films decreases when the growth temperature
is reduced, and the LRO parameter of the two films prepared
at 503 and 393 K are 0.8±0.1 and 0.3±0.1, respectively.
Studies on similar magnetic films20,21 revealed a correlation
between the magnetic anisotropies and the LRO parameter.
However, the relevant parameter for the magnetic properties
of the material should be the chemical short-range order
SRO. Although intensities of atomic images reconstructed
in XFH reflect SRO, we rarely make such a quantitative
discussion on a local structure in the images obtained using
the Barton algorithm, as seen in Fig. 3a. In particular, the
reconstructed intensity at the Pt second nearest-neighbor po-
sition of the FePt film grown at 393 K is nearly equal to the
amplitude of its ripple oscillation. On the other hand, in the
reconstruction by the SPM method, a difference in SRO is
recognized. As shown in Fig. 3b, the intensities of the Pt
images at the first and second nearest-neighbor positions for
the film prepared at 393 K are nearly equal to half of that
prepared at 503 K. This indicates that the FePt films do not
have a large difference between the long- and short-range-
order structures. In this study, the SPM reconstruction from
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to the multiple-energy x-ray holograms enables us to quantita-
tively evaluate the local structure around Fe in the film.
In conclusion, by the SPM method, clear Pt atomic im-
ages were directly reconstructed from nine holographic pat-
terns of the two FePt films grown at different temperatures.
By adopting the SPM method instead of the Barton algo-
rithm that is often used in current XFH, we can discuss the
local atomic structure in a more quantitative manner. In other
words, the application of the SPM method to the multiple-
energy holographic data is a promising solution that opens
the way to a future powerful structural analytical technique.
At present, the only disadvantage of this method is the ex-
tremely large amount of calculation. This is currently limited
by the total memory size of the supercomputing system used.
Therefore, in the future, the larger the total memory size of a
supercomputing system with a high-performance CPU be-
comes, the better will be the spatial resolution of atomic
images achieved by the SPM method. The atomic position
and short-range chemical order parameter in unknown
samples will be quantitatively determined.
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